
t 

THE METEOROID ENVIRONMENT 

OF PROJECT APOLLO 

January 31, 1963 



THE METEOROID ENVIRONMENT 

OF PROJECT APOLLO 

January 31, 1963 

By G. T.  Orrok 
Bellcomm, I n c .  
Washington ,  D . C . 



TABLE OF CONTENTS 

PURPOSE AND SCOPE 

ABSTRACT 

1. 

2 .  

3 .  

4.  

5. 

6. 

7 .  

8 .  

9 .  

INTRODUCTION 

METEOROIDS : GENERAL 

PENETRATION CRITERIA 

FLUX -. 

THE PENETRATION HAZARD (NEAR EARTH AND DEEP SPACE) 

THE LUNAR SURFACE - SECONDARY EJECTA 

OTHER FLUX DATA 

EROSION HAZARD 

CONCLUSIONS 

REFERENCES 

Appendix I - P e n e t r a t i o n  Cr i t e r i a  

Appendix I1 - The P r o p e r t i e s  o f  Visua l  M e t e o r o i d s  

Appendix I11 - Conf idence  i n  E q u a t i o n  (1.3) 

Appendix I V  - Flux Chart Data 



PURPOSE AND SCOPE 

To d i s c u s s  t h e  meteoroid hazard to t h e  c u r r e n t l y  conceived 
Apollo mission, a knowledge of t h r e e  f a c t o r s  i s  r equ i r ed .  

These a r e  (1) t h e  p o t e n t i a l  hazard o f f e r e d  by t h e  environ-  
ment, ( 2 )  t h e  s u s c e p t i b i l i t y  of  t h e  s p a c e c r a f t  a s  i n d i c a t e d  
by its d e t a i l e d  design,  and (3)  t h e  al lowable hazard,  a s  
governed by cons ide ra t ions  of o v e r - a l l  system r e l i a b i l i t y .  

The scope of t h i s  document i s  r e s t r i c t e d  t o  t h e  f i r s t  f a c t o r .  



ABSTRACT 

The meteoroid hazard t o  t h e  Apollo miss ion  i s  reviewed. A 
model f o r  eng inee r ing  des ign  purposes  i s  presented .  The 
p r i n c i p a l  assumptions a r e  a Watson-style f l u x  magnitude p l o t ,  
the Charters and Locke p e n e t r a t i o n  c r i t e r i o n ,  a meteoroid 
d e n s i t y  of 0.5 gm/cc, and a mass of  2.5 grams f o r  a zero  
magnitude meteor o f  v e l o c i t y  30 km/sec. A f t e r  a n a l y s i s  o f  
a v a i l a b l e  d a t a ,  i t  i s  e s t ima ted  t h a t  t he  s o l i d  s k i n  t h i c k -  
nes s  r e q u i r e d  f o r  p r o t e c t i o n  t o  a g iven  impact p r o b a b i l i t y  
i s  known t o  a f a c t o r  of about  2.5 t imes .  

The e r o s i o n  r a t e  i n  deep space i s  es t imated  a s  10-20 
angstrom u n i t s  p e r  year ,  a n e g l i g i b l e  amount. The e r o s i o n  
hazard nea r  e a r t h  i s  t roub led  by c o n t r a d i c t o r y  informat ion .  
It i s  proposed t h a t  t h e  meteoroid e r o s i o n  r a t e  i s  dominated 
by s p u t t e r i n g  e f f e c t s ,  and t h a t  t h e  t o t a l  r a t e  does not  f a r  
exceed 100 angstrom u n i t s  p e r  year .  

Es t ima tes  of p e n e t r a t i o n  and e r o s i o n  on t h e  l u n a r  s u r f a c e  
a r e  i n  some doubt ,  Pending t h e  completion of  c u r r e n t  s t u d i e s ,  
it i s  doub t fu l  t h a t  t h e  "hazards"  exceed t h e  deep space 
va lues  by more than  a f a c t o r  of two. 
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INTRODUCTION 
& 

1. 

The meteoroid hazard t o  P r o j e c t  A p o l l o  inc ludes ,  roughly,  
any e f f e c t  on mission success  o r  missior,  s a f e t y  owing t o  
c o l l i s i o n  w i t h  uncharted p a r t i c l e s .  . P r a c t i c a l l y ,  bodies  
of  "rock" s i z e  (a kilogram o r  more, s a y )  a r e  s o  i n f r e q u e n t  
i n  i n t e r p l a n e t a r y  space as to be n e g l i g i b l e .  The p a r t i c l e s  
of r e a l  concerr, have diameters  of s e v e r a l  m i l l i m e t e r s ,  o r  
sma l l e r ,  and weights i n  the  milligranz range.  The v e l o c i t i e s  
o f  t hese  p a r t i c l e s  a r e  c h a r a c t e r i s t i c  of any bodies  i n  o r b i t  
around the  sun. They range f a t  the  e a r t h ' s  s u r f a c e )  f r o m  10 
to 70 km/second. 

Enhanced o r  reduced hazards  occur  i n  reg ions  where e i t h e r  
the mass o r  v e l o c i t y  d i s t r i b u t i o n  of t he  p a r t i c l e s  i s  a f f e c t e d .  
Near a p l a n e t a r y  mass, the  p a r t i c l e  v e l o c i t i e s  a r e  inc reased .  
A very  l a r g e  number of  d u s t  p a r t i c l e s  may be i n  c losed  o r b i t s  
around the  e a r t h .  On the  ear th!s  s u r f a c e ,  t he  atmsophere 
reduces the  hazard to n i l ;  on the  mocjn1s s u r f a c e ,  i t  seems 
l i k e l y  t h a t  q u a n t i t i e s  of secondary p a r t i c l e s  of low v e l o c i t y  
w i l l  be genera ted  by each pr imary impact.  
p a r t i c l e s  i s  thereby  inc reased .  

The number o f  

The hazard t o  a given space f l i g h t  may be descr ibed  by two 
nuhbers: f i r s t l y ,  a p r o b a b i l i t y  of  puncture  by l a r g e r  and 
l e s s  f r e q u e n t  masses; and secondly,  a r a t e  of s u r f a c e  
e r o s i o n  by f i n e  d u s t  p a r t i c l e s .  

The puncture  p r o b a b i l i t y  i s  p ropor t iona l  to the  "exposure,  
E, o f  t he  s p a c e c r a f t ,  def ined  a s  the  product  of  i t s  area 
by t h e  t i m e  i t  spends ' i n  a regior,  of  homogeneous danger.  
The u n i t s  o f  exposure a r e  chosen a s  square meters  seconds.  

11 

The t o t a l  hazard to a mission i s  then a sum of hazard r a t e s  
(per  u n i t  exposure)  i n  the  var ious  reg ions ,  t imes the  ex- 
posures  i n  those r eg ions .  

Opt imum informat ion  f o r  Apo l lo  would come from p e n e t r a t i o n  
depths  measured i n  recovered capsu le s .  F o r  s t a t i s t i c a l  
sggn i f i cance ,  i t  i s  d e s i r a b l e  t h a t  t he  t o t a l  exposure be 
many times the  Apo l lo  expoqure.  

I n  t h i s  review, we assume t h e  Apo l lo  a r e a  t o  be 70 square 
meters ,  and the l eng  h of  the mission to be 14  days.  The 

The c u r r e n t l y  a v a i l a b l e  data i s  l a r g e l y  i n  the  form of ( a )  
p a r t i c l e  f l u x e s  measured as a f u n c t i o n  of impact momentum 
o r  meteor t r a i l  b r i g h t n e s s ,  and ( b )  l a b o r a t o r y  p e n e t r a t i o n s  
by p r o j e c t i l e s  an o rde r  of magnitude s l o w e r  than meteor ic  
v e l o c i t i e s .  

exposure i s  about  10  8 m2 s e c .  
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I n  t h e  fo l lowing  pages the  d a t a  a r e  reviewed. An a t tempt  i s  
made t o  produce a b e s t  e s t ima te  o f  hazard r a t e s  i n  the  
va r ious  r eg ions ,  t oge the r  w i t h  an e s t ima te  of confidence.  
Such an appraisal must be i n  par t  a r b i t r a r y :  i t  is, of course,  
s u b j e c t  t o  r e v i s i o n  as more experimental  f a c t s  become a v a i l -  
ab l e  * 
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2 .  

2.1 

METEOROIDS : GENERAL 

(1) T h i s  s e c t i o n  i s  mainly concerned w i t h  d e f i n i t i o n s .  Fo r  a 
broader background, the  r e a d e r  i s  advised to r e a  cKinley 

A meteoroid i s  a small o b j e c t  i n  space .  Upon e n t e r i n g  the  
e a r t h ' s  atmosphere, i t  i s  consumed, e m i t t i n g  l i g h t  -- i n  
s h o r t ,  i t  becomes a meteor .  Heavier  o b j e c t s  may reach  the  
ground. These may be recovered a s  m e t e o r i t e s .  L i g h t e r  
o b j e c t s  t o o  f a i n t  to be seen may genera te  enough i o n i z a t i o n  

o r ,  f o r  a sp l end id  semi technica l  account,  Watson 82T . 

- -  
t o -be  de t ec t ed  by r a d a r  as rada,r meteors .  
a r e  p a r t i c l e s  s u f f i c i e n t l y  small  t h a t  the h e a t  genera ted  i n  

Micrometeoroids 

pass ing  through t h e  atmosphere can be r a d i a t e d  away without  
the consumption of' tne  body. The r e s u l t i n g  micrometeori tes  
may be c o l l e c t e d  (as rragnetic d u s t  p a r t i c l e s )  on e a r t h .  

The meteoraids  f a l l  i n t o  two f a m i l i e s  cha rac t e r i zed  by 
d e n s i t y .  The first group, r e l a t e d  t o  the  a s t e r o i d s ,  has 
d e n s i t i e s  from 3 gm/cc ( s t o n e )  to 8 ( i r o n ) .  
br ighter  than magnitude -3 a r e  predominantly a s t e r o i d a l  
p a r t i c l e s .  

Meteors 

The second group appears  t o  be cometary d e b r i s .  Often 
1 6 c a l i z e d  i n  the  o r b i t  o f  a known comet, these  p a r t i c l e s  
a r e  o f  very low d e n s i t y  (perhaps .O5 gm/cc i n  some c a s e s ) ,  
and are descr ibed  as " d u s t b a l l s t '  o r  " s tone f l akes  ." These 
a r e  t h e  f a i n t e r  v i s u a l  meteors  and the r a d a r  meteors .  
The s t r u c t u r e  of  the  s m a l l e s t  cometary p a r t i c l e s  i s  unknown. 
It is  d i f f i c u l t  t o  conceive of them as low d e n s i t y .  

Space D i s t r i b u t i o n :  The Showers 

M m t  meteoroids  belong t o  more o r  less def ined  a s s o c i a t i o n s ,  
i-.e. r a t e  f l u c t u a t i o n s  a r e  l a r g e .  T h i s  i s  p a r t i c u l a r l y  t r u e  
w i t h  d u s t  p a r t i c l e s  observe& by the  a r t i f i c i a l  s a t e l l i t e s .  
Perhaps a q u a r t e r  o f  v i s u a l  meteors belong t o  major showers, 
i n  which f l u x e s  may cons iderably  exceed the average, o r  
sporadic ,  f l u x .  Five times i s  c h a r a c t e r i s t i c  f o r  a s t r o n g  
yearly shower, such as the  Pe r se ids ,  i n  which the meteoroids  
a r e  spaced f a i r l y  uniformly around t h e i r  o r b i t .  An inc rease  
of a thousand times may occur  f o r  p e r i o d i c  showers, whose 
p a r t i c l e s  a r e ' l o c a l i z e d  w i t h i n  the o r b i t .  The du ra t ion  of 
i n t e n s e  showers can be extremely b r i e f  (1-5). The per iod  w i t h  
which they r e c u r  may be many y e a r s .  

Table I i s  taken l a r g e l y  f r o m  re fe rence  (1). It shows the 
names and d a t e s  of major showers, t h e i r  r a d i a n t s  apparent  
o r i g i n  i n  the c e l e s t i a l  s p h e r e ) ,  v e l o c i t i e s ,  and d n i n d i c a t i o n  
o f  r e l a t i v e  r a t e s  expected.  It should be noted tha t  t h e r e  
are months - February and September - without  major showers. 
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3. PENETRATION CRITERIA 

The numerical  q u a n t i t y  of  immediate i n t e r e s t  t o  Apollo i s  
the f l u x  o f  meteoroids  capable of  p e n e t r a t i n g  a given 
s t r u c t u r a l  s k i n .  Since the a v a i l a b l e  information i s  n o t  i n  
these  terms, w e  must use a " p e n e t r a t i o n  c r i t e r i o n "  r e l a t i n g  
the  phys ica l  parameters  of  t he  meteoroid and target  t o  the 
depth  of p e n e t r a t i o n .  I n  t h i s  s e c t i o n ,  we s e l e c t  the  Ames 
(Char te rs  and Locke ( 3 ) )  c r i t e r i o n .  
what a r b i t r a r y ,  and should be recons idered  i n  t h e  l i g h t  
of any new experimental  in format ion .  A s  w i l l  be seen, 
however, t he  d i f f e r e n c e s  among the  var ious  c r i t e r i a  a r e  n o t  
g r e a t .  

T h i s  choice i s  some- 

3 .& Hypersonic Impact 

The r e s u l t s  o f  a hypersonic  impact i n  a deep t a r g e t  can be 
b r i e f l y  d e s c r i b e d ,  By "hypersonic"  w e  mean t h a t  the  p a r t i c l e  
v e l o c i t y  exceeds the speed of  sound i n  the t a r g e t .  T h i s  i s  
about  5 km/sec f o r  m o s t  s t r u c t u r a l  me ta l s .  Meteoric  speeds 
r e l a t i v e  t o  s p a c e c r a f t  may range from zero  t o  70 km/second, 
averaging around t h i r t y .  

The experimental  d a t a  on hypersonic  impact ( f o r  v e l o c i t i e s  
g r e a t e r  than 10 km/sec) i s  s p a r s e .  The i n d i c a t i o n s  are t h a t  
impact c r a t e r s  a r e  hemispherical ,  t ha t  the t o t a l  e j e c t e d  mass 
i s  cons iderably  g r e a t e r  than t ha t  i h c i d e n t ,  and t h a t  t h e  
e l a s t i c  o r  p l a s t i c  cons t an t s  of t he  s u b s t r a t e  t o  some degree 
c o n t r o l  c r a t e r  s i z e .  It i s  n o t  c l e a r  what e f f e c t  t he  r e l a t i v e  
d e n s i t i e s  o f  p a r t i c l e  and s u b s t r a t e  have on the  process .  

3.2 Impact Models 

We have s t u d i e d  a number of p e n e t r a t i o n  c r i t e r i a .  These 
a r e  swnmarized i n  Appefidix I .  The r e s u l t s  a r e  as fol lows:  
All c r i t e r i a  may be w r i t t e n  i n  terms of the r a t i o  of  the 
e j e c t e d  mass, Mt, t o  the i n c i d e n t  mass, m ,  
they are p u t  i n  the  form: 

For  comparison, 

m 

Here a and .b are a d j u s t a b l e ,  v i s  the v e l o c i t y  of the  p a r t i c l e ,  
f p  andp! a r e  the  d e n s i t i e s  of p a r t i c l e  and t a r g e t ,  and vo 
i s  a cons a n t  of p r o p o r t i o n a l i t y  dependent on the  na tu re  of  
t he  t a r g e t .  
t h e o r e t i c i a n s  g e n e r a l l y  choose v .  

Expe r imen ta l i s t s  tend t o  a v2 dependence, while 
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I n  the Ames c r i t e r i o n ,  the exponent a i s  fl, i . e .  p e n e t r a t i o n  
i s  d i r e c t l y  p r o p o r t i c n a l  to t he  ratio of p a r t i c l e  d e n s i t y  to 
t a r g e t  d e n s i t y ,  T h i s  seems to be t h e  r i g h t  way, though the 
power Qf dependence is  i n  soxe ques t ion .  O f  t he  o t h e r  
c r i t e r i a  s t u d i e d  none has  a d e n s i t y  dependence, save 
i n d i c a t e d  below [pu t  i n  the f o r m  of equat ion  1, Bjork(87ls  
equat ion  does show an e x p l i c i t  d e n s i t y .  However, h i s  compu- 
t a t i o n s  a r e  only app l i cab le  to impacts between equal  d e n s i t i e s ) .  

The n o r n a l i z i n g  cornstant, vo, i s  chosen i n  a number of roughly 
equ iva len t  ways. It may be r e l a t e d  to t he  speed o f  sound, 
as i n  the  Ames c r i t e r i o n .  I n  t h i s  form,  vo = c/6.88, where 
c i s  the  speed of sound. It may be r e l a t e d  to the s t r e n g t h  
o f  the t a r g e t  m a t e r i a l ,  v i a  a "crushing  s t rength , ' '  S, (Opfg{5?) 
or the B r i n n e l l  Hardrress number (Eiche lberger  and Gehring ) .  

I n  t h e s e  cases ,  the t a r g e t  d e n s i t y  always appears  i n  such a 
way t h a t  vo may be w r i t t e n  

That is ,  the  normalizing cons t an t  w i l l  vary w i t h  t a r g e t  d e n s i t y  
i n  the  same manner a s  t he  speed of sound. 

3.3 Numerical Comparison - Conclusion 

A s  summarized i n  Appendix I, these  c r i t e r i a  g ive  very s i m i l a r  
numerical  r e s u l t s  i n  t h e  experimental  hype rve loc i ty  range.  
Choosltng va lues  s u i t a b l e  f o r  nom-a1 impact of aluminum on 
a l m - l n w ,  w e  f i n d  t h a t  t he  c r i t e r i a  dependent on the f i rs t  
power of  v e l o c i t y  a r e e  wi th in  t h i r t y  pe rcen t  or so ,  and 

e leven  k i lometers  per  second. 

Essen t i , a l l y  t h e r e  is no choice on t h i s  b a s i s ,  and we must 
wai t  f o r  good experimental  measurements at twenty k i lometers  
pe r  second be fo re  the two f a x i l i e s  can be d i s t i n g u i s h e d .  

s imi l a r ly  f o r  the v 5 group. The two groups c ros s  a t  about 

The Ames c r i t e r i o n  i s  chosen because of  the  d e n s i t y  dependence, 
which r e s t s  on experimental  hypersonic  impacts on l e a d  t a r g e t s .  
It has been widely used i n  t h e  l i t e r a t u r e .  

The Ames c r i t e r i o n  i s  u s u a l l y  s t a t e d  as: 

( 3 )  
2 /3  

E = 2.28 P p  v 

P t  d 
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where p i s  the  p e n e t r a t i o n  i n  a s e m i - i n f i n i t e  t a r g e t ,  and 
d i s  the  p a r t i c l e  diameter .  It i s  assumed t h a t  t h e  p a r t i c l e  
w i l l  p e n e t r a t e  a t h i n  wal l  of t h i ckness  1.5 p. 

I n  the work fol lowing,  we s p e c i a l i z e  to aluminum targets .  We 
s h a l l  use M.K.X, u n i t s .  If  T i s  the  th ickness  of  m a t e r i a l  
j u s t  pene t ra ted ,  the Arnes c r i t e r i o n  becomes 

T3 = 4.05 10 -I3 Pp mv 2 (4) 

To conver t  to o t h e r  t a r g e t  m a t e r i a l s ,  equa t ion  ( 3 )  should 
be used i n  t he  fo l lowing  form: 

where t h e  s u b s c r i p t s  1 and 2 r e f e r  to t he  two m a t e r i a l s .  

Mul t ip le  wal l  s t r u c t u r e s  may be more o r  l e s s  e f f e c t i v e  than  
a s i n g l e  wal l  o f  t he  same t o t a l  t h i ckness .  The a p p r o p r i a t e  

equat ion  (5) a 

bymper f a c t o r "  should be e m p i r i c a l l y  determined and used wi th  I 1  
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FLUX - 4.0 

P a r t i c u l a t e  matter i n  space i s  counted by a v a r i e t y  o f  methods 
appropr i a t e  t o  t h e  abundance of the bod ies .  A s  the f l u x  goes 
down, the  exposure of  t he  experiment. .u t become very l a r g e .  

of n e a r l y  a m i l l i o n  square k i lometers  f o r  a h-mdred yea r s  
(E = 1 .6  1021 n e t e r s 2  seconds) ,  while  some microphone-type 
d e t e c t o r s  used on sounding rocke t s  have exposures  a s  small 
a s  5 rn2sec and s t i l l  obtai-il a reasonable  number of  counts .  

Thus Brown* s c o l l e c t i o x  of m e t e o r i t e s  T 7  7 had an "exposure" 

S i g n i f i c a n t  F lux  

For  an  experiment o f  exposure,  E, P impacts w i l l  be recorded 
f r o m  a f l u x  M: 

P = N E  > )1  

F o r  P C ( 1 ,  P i s  the  approximate p r o b a b i l i t y  o f  one h i t .  
For  any mission,  t he  " s i g n i f i c a n t  f lux ' '  i s  e a s i l y  determined.  
I f  the requirement  on the  hazard is, f o r  i n s t ance  , .999 chances 
of  no puncture ,  one must be concerned w i t h  t h e  f l u x  f o r  w h i  h 

the  " s i g n i f i c a n t  f l u x f g  i s  10-'11rn-2sec'1. 

S i m i l a r l y ,  f o r  a s u i t e d  a s t r c n a u t  (exposure,  about  2 m2 f o r  
1 day or about  2 105n2sec)  the s i g n i f i c a n t  f l u x  i s  5 10-9m'2sec'1. 
Bo th  of  t hese  f l u x e s  are small r e l a t i v e  t o  exposures  which can 
be flown today. They f a l l  i n  the  range of t h e  radar meteors ,  
which thus  r e p r e s e n t  t he  p r i n c i p l e  source o f  new f l u x  i n f o r -  
mation on p e n e t r a t i o n  hazards .  A s  of today, the b e s t  i n f o r -  
mation s t i l l  rests OR e x t r a p o l a t i o n  f r o m  the  v i s i b l e  meteors .  
Tne r a d a r  data i s  s a i d  t o  be c o n s i s t e n t  w i t h  t h i s  approach. 

P = 10-3. Thus, f o r  t h e  Apo l lo  Kiss ion  as a whole (EA = 10 8 ) 

The Flux of V i s i b l e  Meteors 

The f l u x  o f  v i s i b l e  meteors  is "counted" a g a i m t  a magnitude 
s c a l e .  The v i s u a l  magnitude s c a l e  i s  a loga r i thmic  b r i g h t n e s s  
ranking o r i g i n a l l y  used merely tc orde r  s t a r s  i n t o . s i x  groups 
by b r i g h t n e s s .  Today, i t  has been made more q u a n t i t a t i v e .  
The " i l lwninance,"  o r  l i g h t  f l u x  per u n i t  a r e a  ( lumens/meters2) 
i s  r e l a t e d  as f o l l o w s  t o  the v i s u a l  as t ronomical  magnitude, 
M, o f  a p o i n t  source: 

M = 2.5 l o g  (eo /e)  (7) 

T h i s  formula i s  given i n  the Handbook o f  Geophysics ( 8 )  
The value of e 
meter  candles  91 lumen/m* = 1 m car idle) .  

i s  1.944 10-7 f t .  candles ,  o r  2.094 
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Other magnitude s c a l e s  a r e  def ined  f o r  photographic  p l a t e s .  
The b r i g h t n e s s  ranks may be q u i t e  d i f f e r e n t  f o r  b l u e - s e n s i t i v e  
plates and the human eye .  These m a t t e r s  a r e  covered i n  g r e a t e r  
d e t a i l  i n  Appendix I1 e 

The cumulative f l u x ,  N,  o f  meteors  b r i g h t e r  than magnitude 
M may be expressed by the  fo l lowing  equat ion:  

+.4M N = No 10 

General ly  speaking, i t  i s  very u n l i k e l y  t h a t  s o  simple a law 
is  v a l i d .  However, it seems to f i t  the f a c t s  reasonably 
wel l ,  and a l l o w s  ready computation. Accordin t o  Whippletg),  

b r igh ter  than t h e  f i f t h  i n c i d e n t  on the e a r t h  each day. We 
use a f a c t o r  of  4.54 1019 meters2 second f o r  t h i s  exposure.  
T h i s  corresponds roughly to the  area of the earth a t  100 
km a l t i t u d e .  One then ob ta ins  f o r  the  f l u x  

t h i s  may be f i t t e d  w i t h  the datum of  2.0 x 1 0  8 meteors  

14 + .4M m-2 -1 N = 4.4 10- 

I-t w i l l  be noted t h a t  t h e  f i f t h  magnitude f l u x  i s  4.4 10e12, 
very c lqse  t o  the s i g n i f i c a n t  f lux ' '  f o r  t he  p e n e t r a t i o n  of  
t h e  Apo l lo  s p a c e c r a f t .  
i s  t h e r e f o r e  n o t  impor tan t .  Es t imates  of  t h i s  f l u x  w i l l  vary 
more than a f a c t o r  of  two; and, as i n d i c a t e d  above, i n  showers 

t r a t i n g  f l u x  b o t h  nea r  e a r t h  and i n  c i s l u n a r  space .  We must 
now go on t o  the r e l a t i o n s h i p  between meteoroid p r o p e r t i e s  
and v i s u a l  magnitude. 

11 

The exac t  form of  t he  e x t r a p o l a t i o n ( 8 )  

the  f l u x  i t s e l f  m a  be e l e v a t e d  cons iderably  f o r  weeks a t  a 
t ime.  Equat ion (9 is  probably a s u i t a b l e  e s t ima te  of pene- 

I n t e r p r e t a t i o n  o f  Visua l  Magnitude 

The v i s u a l  magnitude o f  a meteor i s  a logar i thmic  neasure 
of t h e  t o t a l  luminous f l u x  emi t t ed  by the  meteor .  If  i t  
is assumed t h a t  t h e  meteoroid i s  t o t a l l y  consumed, t h e  
magnitude i s  a measure of the i n i t i a l . k i n e t i c  energy of the 
p a r t i c l e .  

The luminous e f f i c i e n c y  of t h i s  process  i s  an unknown. 
g i v e s  a formula " f o r  s t a t i s t i c a l  use" i n  the a n a l y s i s  o f ,  
" d u s t b a l l  type ob jec t s ,  (which appear  t o  be i n  the m a j o r i t y  
among v i s i b l e  meteors) ,"  h i s  equat ion  8-25: 

O p i k ( l O )  
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l o g  m = 10.97 - 1.7 l o g  v - 0.4 M 

T h i s  may - be expressed i n  M.K.S. u n i t s  as 

mv 2 = 3.7 L v 0.3 104-0.4M 

where t h e  dimensioqless  cons t an t  L a l lows one t o  a d j u s t  t h e  
luminous e f f i c i e n c y  around Opikls p r e f e r r e d  va lue .  

Appendix I1 con ta ins  a review of the luminous e f f i c i e  c 

f o r  s o l i d  p a r t i c l e s .  Since t h e  s t r u c t u r e  and composition 
of d u s t b a l l s  a r e  unknown, these  de te rmina t ions  a r e  n o t  d i r e c t l y  
app l i cab le ;  Opik implies t h a t -  t he  luminous e f f i c i e n c y  v a r i e s  
d i f f e r e n t l y  w i t h  v e l o c i t y  f o r  the compact and d u s t b a l l  meteors .  

problem, inc lud ing  r e c e n t  experimental  de te rmina t ions  7&21) 

I n  Appendix 11, L i s  chosen t o  make the zero  magnitude, 30 
h / s e c  meteoroid weigh 2.5 grams. The r equ i r ed  value o f  L 
i s  2.78, w i t h  an u n c e r t a i n t y  es t imated  as 3x. 
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5. THE PENETRqTION HAZARD (NEAR EARTH AND DEEP SPACE) 

I n  t h e  above s e c t i o n s ,  w e  have chosen a p e n e t r a t i o n  c r i t e r i o n ,  
i d e n t i f i e d  t h e  c r u c i a l  f lux reg ion  as that  o f  the  v i s i b l e  and 
radar meteors,  w r i t t e n  down the  d i s t r i b u t i o n  law w i t h  magnitude, 
and expressed t h e  r e l a t i o n s h i p  between magnitude and k i n e t i c  
energy o f  the p a r t i c l e .  We can now combine t h e s e  to compute 
t h e  l i k e l i h o o d  of p e n e t r a t i o n  of  a s p a c e c r a f t  o f  g iven  exposure,  
We combine equa t ions  ( 4 ) 9  (g), and (11)9 o b t a i n i n g  

L / o p  
3 -22 ,.3 T N = 6,6 10 

The va lue  f o r  L was s t a t e d  above. S ince  t h e  i n f l u e n c e  of  v i s  
very  s l i g h t ,  we cho s e  30km/sec. A d e n s i t y  f o r  meteoro i  
be chosen. 500kg/mg (065g/cc)  r e p r e s e n t s  a c u r r e n t  view 
An u n c e r t a i n t y  of  5x brackets  most suggested va lues  and a l lows  
for a l t e r a t i o n s  i n  t h e  p e n e t r a t i o n  c r i t e r i o n _ ,  With these 
choices ,  one o b t a i n s  

? 2 2 y s t  

T3N = 2 (M.K.S. u n i t s )  

Th i s  r e s u l t  i s  p l o t t e d  i n  F ig .  1. Its v a l i d i t y  i s  expected to 
cover  t h e  p e n e t r a t i o n  range, roughly up to f l u x e s  o f  1 0 - 7 m - * s e ~ - ~  
o r  so ,  The expected l i m i t s  a r e  d i scussed  i n  Appendix 111. 
Equat ion (13) should be dependable to a f a c t o r  of  l5x i n  f l u x ,  
o r  about 2 . 5 ~  i n  pene t . ra t ion ,  

The - impl i ca t ion  of  t h i s  r e s u l t  for t h e  Apollo mission may be 
d i sp layed  a s  an i l l u s t r a t i  n p  A r e c e n t  s ta tement  o f  r e q u i r e -  
ments f o r  Apollo (Me Eirnerq2'))  i n d i c a k e s  t h a t  t h e  most s e r i o u s  
meteoroid problem l i e s  i n  t h e  s e r v i c e  module. The walls can be 
considered to have 10 m2 s u r f a c e  a r e a  and t o  comprise two .043cm 
aluminum s h e e t s  s epa ra t ed  2,5 em. 

The e q u i v a l e n t  s i n g l e  t h i c k n e s s  of aluminum i s  ~ . ~ x I O - ~  B meters ,  
where B i s  a bumper e f f e c t i v e n e s s "  f a c t o r  which could be a s  h igh  
as  two t imes,  b u t  i s  more l i k e l y  3.5" because of s t r u c t u r a l  
compromises, We t a k e  T = 1 . 3 ~ 1 0 -  m. From equa t ion  (13 or 
F i g ,  1, t h e  cumulative f l u x  p e n e t r a t i n g  t h i s  i s  N=9x10-k-2sec-1 

1 P  

The s k i n  exposure ( I n  a 14-day mis s ion )  i s  E-1.21~10 7 2  m see ,  and 
P = EN = .11, Since  P i s  small, t h i s  e q u a l s  t h e  nominal 
puncture  p r o b a b i l i t y ,  and the  nominal r e l i a b i l i t y  i s  .goo 
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6. TKE LUNAR SURFACE - SECOJXDARY EJECTA 

The hazard on the lunar surface is complicated by the 
hypothesized secondary particles arising fr m primary meteor- 
oid impacts (Gault, Shoemaker, and Moore (117) a These workers 
estimate that the flux of particles will be raised a factor 
of 103 to 10 , depeEding on the nature of the assumptions made 
as to the lunar surface and the primary flux. These- secondaries 

It is, however, estimated that several times the primary mass 
will leave the moon. 

enerally slow (averaging under a kilometer per second, 
, only a small fraction having hypersonic velocities. 

Since penetration has been assumed proportional to kinetic 
energy, and since the total energy available is conserved, it 
is conceivable that the actual penetration probabilities are 
at most doubled, 

This is,, in fact, our recommendation. We do feel that it is 
an extremely tenuous recommendation; the fact that a "bes t  
estimate" is optimistic is no excuse for ignoring the pessi- 
mistic possibilities, Meteoroid penetration measurements should 
be made on the lunar surface before the Apollo venture, 

The penetration hazard on the lunar surface is then expressed 
as 

T N = 4 1 0  3 -3-7 
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70 OTKER FLUX DATA 

We have e s t ab l i shed  above an  e s t i m a t e  of' t h e  p e n e t r a t i o n  
hazard  based p r i n c i p a l l y  on t h e  p r o p e r t i e s  o f  t h e  v i s u a l  
meteors .  There ex i s t s  a cons ide rab le  body of in format ion  
on the l i g h t e r  and more f r e q u e n t  meteoroids .  Obtained 
from s a t e l l i t e  and o t h e r  measurements, t h i s  in format ion  i s  
not  d i r e c t l y  a p p l i c a b l e  to p e n e t r a t i o n  e s t i m a t e s ,  b u t  i s  
e s s e n t i a l  f o r  a d i s c u s s i o n  of  e r o s i o n  phenomena. 

I n  t h i s  s e c t i o n  w e  d i sc i i ss  t he  ex tens ion  of  t h e  p e n e t r a t i o n  
p l o t  to v e r y  much h i g h e r  f l u x e s ,  Only t h e  s a t e l l i t e  measure- 
ments w i l l  be p l o t t e d ,  and the  d e t a i l s  o f  t h e s e  w i l l  be 
r e t a i n e d  i n  Appendix I V ,  Most of  t h e  d a t a  has been taken  
from t h  review by Alexmder,  Mecracken, Secre tan ,  and 
Berg (127 e 

7.1 D i r e c t  Measurement of  Penet ra t ion .  

At l e a s t  seven s s t e l l i t e s  have c a r r i e d  experiments  designed 
to measure the  f l u x  of  p a r t i c l e s  p e n e t r a t i n g  some t a r g e t .  
The d i r e c t  coxparison of  t h e s e  r e q u i r e s  t h e  assumption o f  a 
p e n e t r a t i o n  c r i t e r i o n ,  s i n c e  p e n e t r a t i o n  o f ,  f o r  i n s t a n c e ,  
mylar and aluminum, cannot be d i r e c t l y  compared u n t i l  t h e  
i n f l u e n c e  o f  a t a r g e t  p r o p e r t i e s  i s  determined.  I n  F ig .  2, 
t he  Ames c r i t e r i o n  ( e q s a t i o n  5 )  has been used t o  conver t  t h e  
a c t u a l  t h i c k n e s s e s  to "equ iva len t  alv.minum9'. T h i s  may be 
p a r t i c u l a r l y  ques t ionab le  f o r  t h e  wire-gr id  t a r g e t s ,  which 
r e q u i r e  complete s e v e r i n g  of" t h e  w i r e  f o r  an i n d i c a t i o n .  

The body o f  t h e s e  experiments  show no puncture" ,  sugges t ing  
t h a t  t h e  f l u x e s  a r e  such t h a t  t h e  p r o b a b i l i t y  of  puncture  i s  
0.5 or l e s s ,  For s impl ic i . ty ,  t h e  p o i n t s  are  p l o t t e d  a s  ( less  
t h a n )  the  r e c i p r o c a l  exposure,  

The r e s u l t i n g  d a t a  p o i n t s  a re  not  i n c o n s i s t e n t  w i t h  t he  pene- 
t r a t . i o n  c w v e  de r ived  from the meteor data,  p a r t i c u l a r l y  
cons ide r ing  the  v e r y  poor sS.atistics involved .  The e x t r a p o l a -  
t i o n  o f  t h i s  curve i s  also shown ori F i g ,  2 ,  

9 s  

Ac ous  t i c  Mea sureme n t  s 

A r a t h e r  d i f f e r e n t  s t a t e  o f  affaiys  i s  presented  by t h e  body 
o f  data obta ined  from microphone measurements ., Many s a t e l l i t e s  
have c a r r i e d  senso r s  s e n s i t i v e  to t h e  momentum o f  i n c i d e n t  
p a r t i c l e s .  C a l i b r a t i o n  i s  c o n v e n t i o n a l l y  performed wi th  low 
v e l o c i t y  p a r t i c l e s ,  b u t  has been checked w i t h  p r  e c t i l e s  

C a l i b r a t i o n  c o n s t a n t  probably  v a r i e s  a f a c t o r  of  th ree  or 
f o u r  s y s t e m a t i c a l l y  w i t h  v e l o c i t y ,  s i n c e  t h e  n e t  momentum 
t r a n s f e r r e d  to t h e  d e t e c t o r  w i l l  i n c r e a s e  a s  c r a t e r i n g  be- 
comes pronounced e 

a c c e l e r a t e d  to f i v e  o r  s i x  k i l o m e t e r s  p e r  second @I e The 
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The a c o u s t i c  measurements e x h i b i t  good s t a t i s t i c s  and a re  
s e l f - c o n s i s t e n t  ove r  a l a r g e  range of  f l u x e s ,  To p l o t  t hese ,  
t h e  Ames  equa t ion  (equat ion  4 ) i s  r e w r i t t e n  

For  t h e s e  d u s t  p a r t i c l e s ,  i t  i s  customary (9) to assume a 
somewhat h i g h e r  d e n s i t y  and a somewhat lower v e l o c i t y  than  
f o r  t h e  meteors.  

I V ) ,  we expres s  (15) i n  terms of  c .g . s .  momenta, P; t h e  pene- 
t r a t  i o n  become s 

We cho s e  a s p e c i f i c  g r a v i t y  of 1 (103kg/m3) 
and a v e l o c i t y  of  1,8 10 e m/sec. To p l o t  t h e  data (Appendix 

P (16 1 -11 T3 = 7 * 3  10 

The r e s u l t s  a r e  shown on F ig .  3. It w i l l  be noted t h a t ,  i n  
c o n t r a s t  w i t h  t he  p e n e t r a t i o n  measurements, t h e  a c o u s t i c  
f l u x e s  a r e  w e l l  above t h e  low-flux e x t r a p o l a t i o n .  Deep space 
probes do not  show such h igh  f l u x e s ,  a s  i n d i c a t e d  by t h e  
P ioneer  I p o i n t  on F i g ,  30 P re l imina ry  r e s u l t s  from Mariner 
a l s o  show low f l u x e s .  Near e a r t h ,  t h e  d i sc repancy  i s  noted 
even i n  t h e  s a t e l l i t e s  Samos I1 and Midas 11, which c a r r i e d  
a c o u s t i c  and p e n e t r a t i o n  d e t e c t o r s  s imul taneous ly .  

The d i sc repancy  i s  seen more c l e a r l y  i n  F i g ,  4, which i s  
p l o t t e d  on a s m a l l e r  s c a l e .  
t h e  "Venus F l y t r a p "  sounding r o c k e t (  These a r e  most 
extreme i n  a l l  r e s p e c t s .  The "F ly t r ap"  c o l l e c t e d  p a r t i c l e s  
a t  a l t i t u d e s  between 90 and 160 k i l o m e t e r s ,  These motes are 
t h e  s m a l l e s t  and most numerous d e t e c t e d  by any technique .  
Even so, t he  number of  p e n e t r a t i o n s  found i n  6 micron mylar 
f i l m  f a l l s  below the  e x t r a p o l a t e d  p e n e t r a t i o n  curve.  The 
p e n e t r a t i o n s  are far from hypersonic ,  t h e  h o l e  d i ame te r s  be- 
i n g  many t i m e s  t h e  t h i c k n e s s  o f  t he  f i l m ,  

A s  Alexander e t  a1  have shown (12), t h e  d iscrepancy  i s  not  
apparent  on a mass s c a l e ,  provided t h a t  p e n e t r a t i n g  p a r t i c l e s  
a r e  c h a r a c t e r i z e d  by d i ame te r s  approaching the  " c r i t i c a l  
dimensions f o r  f r a c t u r e "  o f  t he  d e t e c t o r s ,  ra ther  khan by 
t h e  A m e s  p e n e t r a t i o n  c r i t e r i o n .  

e r  l e f t  are  data from 
At the FY 

7.3 Conclusion 

It appea r s  i n  s h o r t  as  though these s m a l l  p a r t i c l e s  a r e  
incapable  of anyth ing  l i k e  the p e n e t r a t i o n s  which would be 
i n f e r r e d  from t h e  Ames c r i t e r i o n .  It would be ve ry  d i f f i -  
c u l t  to a s s i g n  d e n s i t i e s  and v e l o c i t i e s  i n  equa t ion  (15) 
which would f i t  t h e  f a c t s ,  

P a r t i c u l a r  p r o p e r t i e s  which have been suggested f o r  these 
micrometeoroids are, f o r  i n s t a n c e ,  t h a t  t h e y  a r e  i n  c losed  
o r b i t s  around t h e  e a r t h ,  If t h e  o r b i t s  were random, an  
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average v e l o c i t y  of seven k i l o m e t e r s  p e r  second o r  so  would 
s t i l l  be observed r e l a t i v e  t o  ear th  s a t e l l i t e s ,  A s  suggested 
above, these p a r t i c l e s  are u n l i k e l y  t o  be l e s s  dense t h a n  the 
cometary meteors, and should i n  fact  be more dense ,  

The no t ion  of  s p e c i a l  o r b i t s  must be e l imina ted ,  s i n c e  corn- 
pa rab le  r e s u l t s  a r e  obta ined  by e q u a t o r i a l  and p o l a r  o r b i t i n g  
sa te l l i t es ,  

Our c u r r e n t  conclus ion  i s  t o  a c c e p t  the p e n e t r a t i o n  f l u x  of 
equat ion  (13)., At l e a s t  f o r  deep space, where the a c o u s t i c  
r e s u l t s  are i n  agreement, one can have e x c e l l e n t  confidence 
i n  t h i s  e x t r a p o l a t i o n ,  Jud i n g  y F i g ,  4, t he  p e n e t r a t i n g  
fliix does not  exceed 10-1m-5sec-’9 corresponding to t h e  pene- 
t r a t i o n  of 6 micron mylar f i l m s .  T h i s  f l u x  ra te  w i l l  be used 
below to compute an  e r o s i o n  r a t e ,  

Near t h e  e a r t h ,  t h e  s i t u a t i o n  i s  more d o u b t f u l .  Rates pre- 
d i c t e d  by t h e  a c o u s t i c  measurements are l a r g e ,  and i n  c l e a r  
disagreement wi th  o t h e r  experiments ,  The p e n e t r a t i o n  f l u x  o f  
equat ion  (13) i s  r e t a i n e d  unchanged, b u t  w i t h  somewhat less  
confidence ,, 
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8. EROSION HAZARD 

The  e r o s i o n  hazard i s  involved wi th  the  g radua l  coverage o f  
a s p a c e c r a f t  w i t h  small p i t s ,  The "coverage t i m e " ,  i n  which 
a g iven  a r e a  i s  e n t i r e l y  covered w i t h  p i t s ,  i s  t h e  r e c i p r o c a l  
of  a n  "eros ion  r a t e " ,  For  t imes much s h o r t e r  t h a n  the cover -  
age t i m e ,  however, t h e  a t t a c k  w i l l  be i r r e g u l a r .  

The assumptions made above about t h e  r l u x  of  p e n e t r a t i n g  
meteoroids  enable  t h e  c a l c u l a t i o n  o f  coverage t imes,  I n  a d d i -  
t i o n ,  coverage t imes  w i l l  be computed f o r  t h e  n e a r - e a r t h  r e g i o n  
assuming t h e  a c o u s t i c  f l u x e s ,  The r e s u l t i n g  e r o s i o n  r a t e s  f a r  
exceed t h e  on ly  measured r a t e s  w i t h  which we a r e  acquain ted .  

8.1 Eros ion  Rates  from the  P e n e t r a t i n g  Flux 

We take equa t ion  (13) f o r  t h e  f l u x - p e n e t r a t i o n  r e l a t i o n s h i p .  

I n  accord w i t h  t h e  d i s c u s s i o n  of  Sec t ion  3, c r a t e r s  of  r a d i u s  
T / l . 5  w i l l  be formed i n  s e m i - i n f i n i t e  s o l i d s .  These c r a t e r s  
have a r e a s  of ~ ( T / l . 5 ) ~ . ,  

2 2  The "coverage r a t e " ,  i n  m /m see  i s  obta ined  by m u l t i p l y i n g  
t h i s  area by the  flux of t h e  a p p r o p r i a t e  meteoroids .  Thus 

h 

From equat ion  (13), we s u b s t i t u t e  f o r  T, o b t a i n i n g  

C ( N )  = 

That is ,  t h e  e r o s i o n  problem i s  most s e r i o u s  f o r  high f l u x e s .  
Fig.  4 sugges t s  t h a t  t h e  p e n e t r a t i n g  f l u x ,  i . e ,  t he  f l u x  
c o n s i s t e n t  w i t h  equa t ion  (13) does no t  extend above 
N = 10-1m-2sec-1. T u b s t i t u t i n g  i n  equa t ion  (18) w e  o b t a i n  
C max = 5 10-12sec- f o r  t h e  "coverage ra te" .  The c o r r e s -  
ponding coverage t i m e  i s  2 1011 seconds, o r  approximately 
s ix  thousand y e a r s  e 

The depth,  T, to which t h i s  coverage has been a t t a i n e d  i s  
about. 10 microns.  The cor responding  e r o s i o n  ra te  i s  10-20 
angstrom u n i t s  p e r  yea r .  

T h i s  va lue  not  bad ly  i n c o n s i s t e n t  wi th  o t h e r  estimates. 
F. W h i  f o r  i n s t a n c e ,  sugges t s  (from s t u d i e s  o f  the 
r a d i o  'Eges" of  m e t e o r i t e s )  that  an  e r o s i o n  r a t e  o f  1 2  AU/yr 
makes e x c e l l e n t  sense .  

To conclude, i t  appears  t h a t  a t  l e a s t  i n  deep space,  
e r o s i o n  problem w i l l  appear  as a coverage o f  about  1OZbeof 
the  s p a c e c r a f t  area w i t h  small p i t s ,  every  year. 
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8.2 Nedr-Earth Erosion Hazard 

Using t h e  a c o u s t i c  measurements to e s t i m a t e  an  e r o s i o n  hazard 
n e a r  e a r t h ,  one o b t a i n s  cons ide rab ly  l a r g e r  va lues .  A s  i n -  
d i c a t e d  above, we f e e l  t h a t  these a r e  not  r e a l i s t i c .  

From F ig ,  3, we  o b t a i n  a hand f i t  to t h e  a c o u s t i c  data. 
Expressed l o g a r i t h m i c a l l y ,  t h i s  is 

We now s u b s t i t u t e  i n  equa t ion  (17). The r e s u l t  i s  
-10 H.54 C (N) = 4.5 10 

A s  shown i n  r e f e r e n c e  12, t he  acous i c  meas rements a r e  not  

to a p e n e t r a t i o n  of about  3 micronso 
u s u a l l y  extended above a f l u x  o f  10 5 m'zsec -Y , corresponding 

We s u b s t i t u t e  t he  f l u x  va lue  i n  (20) ,  and o b t a i n  a coverage 
t i m e  of  a lmost  two years, The i n f e r r e d  e ros ion  r a t e  i s  about  
2000 AU/year e 

McKeown & Fox (23) r e p o r t  a measurement of  t h e  e r o s i o n  of  a 
gold s u r f a c e  i n  low e a r t h  o r b i t  (Discoverer  26) .  The e r o s i o n  
i s  0.2+0,1 AU/day, o r  70 angstrom un i t s /yea r .  T h i s  i s  
a t t r i b  t d e n t i r e l y  t o  s p u t t e r i n g .  The a r  a o f  t he  senso r  

a thousand micrometeoroid impacts a day would have occurred,  
whereas the  a u t h o r s  i d e n t i f y  on ly  one impact  i n  s i x  days. 

i s  10- 5 5  m . If  p e n e t r a t i n g  f l u x e s  of  103m-8sec-l occur ,  n e a r l y  

Our conclus ion  i s  tha t  the nea r -ea r th  e r o s i o n  r a t e  i s  less 
t han  100 AU/year, and t h a t  t h e  body of  t h i s  i s  a s s o c i a t e d  
w i t h  s p u t t e r i n g ,  not  micrometeoroids 

8 , 3  Erosion Hazard on the  Lunar Surface  

Q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  e r o s i o n  hazard on the  l u n a r  
s u r f a c e  are extremely d i f f i c u l t  to make p r i o r  t o  t h e  r e l e a s e  
of  sys t ema t i c  s t u d i e s  of  " e j e c t a "  from primary meteoroid 
c r a t e r s  

I n  view o f  t h e  l a c k  of  knowledge, we suggest planning on an 
e r o s i o n  r a t e  doub e that e s t ima ted  f o r  deep space, i . e .  a 
coverage of  w i t h  p i t s  of  r a d i u s  s e v e r a l  microns i n  
a t i m e  of  one y e a r ,  I n  a ten-day mission,  t he  hazard i s  
n e g l i g l b l e .  A s  emphasized above, there  i s  no d i r e c t  suppor t  
f o r  t h i s  estimate. Any exper imenta l  evidence would be ex- 
ceed ing ly  va luab le .  
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90 CONCLUSIONS 

An a t tempt  .has been made t o  d e f i n e  t h e  hazaPds t o  P r o j e c t  
Apollo a s s o c i a t e d  wi th  p a r t i c u l a t e  m a t t e r  i n  space ,  Where 
informat ion  i s  c l e a r l y  a v a i l a b l e  to us,  i t  has been used. 
Where informat ion  has been l ack ing ,  arbi t rary assumptions 
have been made. 

Such a "model" has g e n e r a l  u s e f u l n e s s  o n l y  inasmuch as i t  
i s  up-to-date ,  and as i t s  d e v i a t i o n  from o t h e r  proposed 
models a r e  e i t h e r  j u s t i f i e d  o r  e x p l i c i t l y  allowed by e r r o r  
e s t i m a t e s ,  

- 

It i s  f e l t  t ha t  t h e  estimate o f  p e n e t r a t i o n  hazard i s  i n  
e x c e l l e n t  agreement w i t h  o t h e r  e s t i m a t e s ,  w i t h  the  excep t ion  
that  t h e  de t e rmina t ion  o f  luminous e f f i c i e n c y  may d i f f e r .  
Our p r e s e n t  e s t i m a t e  i s  cons idered  "good" 

F u r t h e r  c a l i b r a t i o n  w i l l  a r i s e  from the  "s imulated meteor 
experiments" c u r r e n t l y  underway w i t h  NASA funding 
should be undertaken when f i r m  r e p o r t s  are a v a i l a b l e .  

Revis ion 

The estimate of  e r o s i o n  hazard i n  deep space i s  cons idered  
s a t i s f a c t o r y ,  i n  t h a t  t h e  10-20 angstrom p e r  yea r  f i g u r e  can 
not  s i g n i f i c a n t l y  a f f e c t  s p a c e c r a f t  des ign ,  The n e a r - e a r t h  
e r o s i o n  estimates are not  cons idered  s a t i s f a c t o r y ,  i n  t ha t  
t h e  informat ion  i s  c o n t r a d i c t o r y ,  The p o s s i b i l i t y  o f '  sub- 
s t a n t i a l l y  g r e a t  e r o s i o n  ra tes  i s  a l lowed by the data. The 
c u r r e n t  S-55 s a t e l l i t e  (Explorer  X V I )  should make c l e a r  the  
discrepancy,  i f  any, between a c o u s t i c  and p e n e t r a t i o n  measure- 
ments, and a l l o w  a proper  c a l i b r a t i o n ,  

The estimates of  p e n e t r a t i o n  and erosior!  on t h e  l u n a r  s u r f a c e  
must be he ld  i n  some doubt ,  The whole problem of e j e c t a  
r e q u i r e s  (and i s  c u r r e n t l y  r e c e i v i n g )  c a r e f u l  s tudy .  Weighing 
more than  t h i s  i s  the complete lack of empi r i ca l  i n fo rma t ion .  
A s i n g l e  measurement, anywhere i n  t h e  f l u x  range, f o r  the 
suyface of  the moon would enhance the  confidence o f  the  whole 
fabr ic  

* 
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APPENDIX I PENETRATION CRITERIA 

Seve ra l  p e n e t r a t i o n  c r i t e r i a  a r e  compsred i n  this appendix.  As 
published,  they d i f f e r  i n  f o r m  arid uni3s .  I n  Table I, f o l l o w -  
i n g  $ the  publ ished f ormglae a r e  reproduced, wi th  the  except ion  
t ha t  the  sy?-bols a r e  chosen c o c q i s t e n t l y .  Thus, M t ,  V t ,  and R t  
a r e  t h e  mass, volume, and r a d i u s  of the  h e n i s p h e r i c a l  hyper- 
v e l o c i t y  c r a t e r ,  The mass and r a d i u s  of t he  p a p t i c l e  a r e  m and 
r. The d e n s i t i e s  of t a rge t  m a t e r i a l  and p a r t i c l e  a r e p t  a n d p g .  
The v e l o c i t y  of the p a r t i c l e  i s  v; the  v e l o c i t y  of sound i n  t e 
t a r g e t  i s  c .  Other parame5ers a r e  i d e n t i f i e d  i n  the  t a b l e .  

I n  the  secor=d column, the  c r i t e r i a  a r e  reduced to a s tandard  
form, a s  n e a r l y  dimensfonless  a s  is  p r a c t i c a b l e .  The r a t i o  of 

~ e j e c t e d  to i n c i d e n t  mass i s  equated to a prcduct  o f  a d e n s i t y  
f a c t o r  and a v e l o c i t y  f a c t o r .  

Where the  t a r g e t  d e n s i t y  does n o t  appear  e x p l i c i t l y ,  t he  p a r t i c l e  
d e n s i t y  i s  normalized t o  t h e  dermity o f  alm-inwn. Otherwise 
numerical  c o e f f i c i e n t s  a r e  lumped i n  vo .  
s t rength ' '  a r e  lumped w i t h  t h e  t a r  e t  d e n s i t y  s o  as t o  g ive  a 
normalizing v e l o c i t y  of t h e  f o r m  $strengt*/density)1/2.  

Hardness or "crushing  

I n  the  l a s t  column, the  formulae a r e  eva lua ted  f o r  normal i n c i -  
dence of an alumir,ui p e l l e t  cn alur&ium. The r e s u l t i n g  value f o r  
vo i n  Icm/sec i s  t a b u l a t e d .  The B r i n n e l l  Hardness number f o r  
alum.inum i s  taken as l7C; km/w:i*. T h i s  number is  the  r i g h t  o rde r  
of  magnitude f o r  a crushing s+,Tengflz as wel l ,  and for s i x p l i c i t y ,  
is  s o  w e d .  IE comparing the  c r f t e r f a ,  i t  wLll be seen t h a t  t he  
vo f o r  the t h r e e  square law t r e a h e n t s  average 1 . 3  km/sec k 3%, 
and that  t h e  t h r e e  l h e a r  t r e a % n e n t s  average .l7 kx/sec -S 13%. 
The cross-eve? occurs about  11 h, / sec .  

The choice between the c r i t e r i a  w i l l  be made v i a  f u r t h e r  exper- 
imental  work. It should be noted t ha t  the B r i n n e l l  EardRess 
number has  a r a t h e r  poor  repubat ion  mong  phys ica l  m e t a l l u r g i s t s ;  
i t  i s  e a s i l y  measured bu t  very  d i f f i c u l t  to r e l a t e  t o  xore  
fundamental m a t e r i a l  c o n s t a g t s .  I f  p o s s i b l e ,  a more p h y s i c a l l y  
meaningful q u a n t i t y  should be used. 
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APPENDIX I1 rm PROPERTIES OF VISUAL METEORS 

T h i s  appendix b r i e f l y  summarizes t h e  r e l a t i o n  between " v i s i b l e  
magnitude" and t h e  meteoroid p r o p e r t i e s  of  i n t e r e s t ,  i . e .  mass, 
v e l o c i t y ,  and s t r u c t u r e .  Some p re l imina ry  r e s u l t s  on s imulated 
meteors w i l l  be d i scussed .  

Camplete accounks .of t h e  t h e o r y  occur  i n  Opik (lo), Levin (16) 
and throughout t h e  papers  of  t h e  Harvard Group, Our purpose 
i s  not  t o  p r e s e n t  a r i g o r o u s  and complete t rea tment ,  b u t  r a t h e r  
t o  d e f i n e  t h e  problem enough so t h a t  t h e  t h e o r y  and experiment 
can be compared. 

B r i e f l y ,  i t  appears  t h a t  t h e  t h e o r e t i c a l  t r e a t m e n t s  a r e  i n  exce l -  
l e n t  accord with t h e  f a c t s  as  f a r  a s  s imulated s o l i d  meteors a r e  
concerned. Since t h e  na tu re  and composition of  d u s t b a l l s  a r e  
unknown, t h e r e  w i l l  probably be u n c e r t a i n t y  about  them f o r  some 
time. 

Magnitude Sca le s :  Photometry 

The magnitude s c a l e  i s  v e r y  old,  Ptolemy's s t a r  c a t a l o g  r a n  s 

I n  modern times, t he  s c a l e  h a s  been made q u a n t i t a t i v e  and ex- 
tended i n  both  d i r e c t i o n s ,  d e f i n i n g  magnitudes above t h e  sixth 
f o r  s ta rs  v i s i b l e  on ly  i n  t h e  t e l e s c o p e  and nega t ive  magnitudes 
for t h e  more b r i l l i a n t  o b j e c t s  ( t h e  v i s u a l  magnitude o f  t h e  sun 
i s  -26.7). A l t e r n a t e  s c a l e s  (photographic ,  e t c . )  a r e  de f ined  
f o r  s enso r s  o t h e r  t han  t h e  human eye,  These s c a l e s  a r e  made t o  
agree  f o r  sources  o f  one s p e c t r a l  type  (as, A. s t a r s ,  f o r  photo- 
graphic  and v i s u a l  s c a l e s ) .  For  t h i  r t i c l e ,  we s t a n d a r d i z e  
on a convent iona l  photometr ic  s c a l e ,  78's 

stars i n  s ix  "magnitudes" i n  d iminish ing  o r d e r  of  b r i g h t n e s s  720) .  

A numerical  expres s ion  f o r  the  " v i s u a l  as t ronomica l  magnitude", 
M, of  a source i s  

M = 2,,5 l o g  eo/e  I1 - 1 
Magnitude i s  a measure of t h e  " i l luminance",  e ,  of t he  source,  
measured i n  f o o t  cand le s  o r  l u x  (meter  c a n d l e s ) ,  The c o n s t  n t  
e o  i s  the  i l luminance  of  a 
f o o t  cand le s  o r  2.094 x l u x .  

e r o  magnitude s t a r ,  1.944 x 10' la/ 

Absolute Vi sua l  Magnitude of  Meteors 

To rbmove t h e  e f f e c t s  of range and abso rp t ion ,  v i s u a l  ma6nitudes 
are Gorrected t o  a b s o l u t e  v f s u a l  magnitudes, That is ,  magnitudes 
are c o r r e c t e d  to t he  va lue  t h e y  would have i f  t h e  meteor were 
d i r e c t l y  dverhead a t  an a l t i t u d e  of 100 k i lome te r s .  I n  t h i s  
case ,  the a b s o r p t i o n  amounts t o  about 20% of  t h e  source f l u x .  
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T o t a l  Source F l u x  - 'b 

If t he  i l luminance  a t  t h e  s u r f a c e  of t h e  e a r t h  i s  e, t h e  t o t a l  
luminous f l u x  8 ,  a t  t h e  source i s  

where R i s  t h e  range and 6 t h e  a b s o r p t i o n ,  

A l t e r n a t e l y ,  we may w r i t e  
2 -0,hM 9 = 47rR e o  10 

1 - Q C  
-0 4M = p. 10 

I1 - 2 

I1 - 3 
I1 - 4 

where P o  i s  t h e  t o t a l  luminous f l u x  from a ' z e r o  magnitude meteor.  
At a n  a l t i t u d e  of  100 km, and w i t h  an a b s o r p t i o n  of 2O$, 

T h i s  corresponds (685 lumens/watt) to 480 watts o f  monochromatic 
r a d i a t i o n  of wavelength 555 mil l imic rons ,  This  s u b s t a n t i a l  energy 
product ion  i s  r e l a t e d  to t h e  in s t an taneous  l o s s  of k i n e t i c  energy 
of t h e  meteor v i a  two f a c t o r s ,  one photometr ic  and one p h y s i c a l .  

g o  = 3.29 x 10 9 lumens, 

R e l a t i v e  Luminous E f f i c i e n c y  

The " r e l a t i v e  luminous e f f i c i e n c y " ,  Y, o f  .,any r a d i a t i o n  source 
i s  its e f f e c t i v e n e s s  i n  prodccfng v i s u a l l  s e n s a t i o n  r e l a t i v e  to a 
source a t  555 mil l imic rons ,  Typica l  r e l a t f v e  luminous e f f i c i e n c i e s  
a r e  ,,1355 f o r  b l ack  body r a d i a t i o n  at 6 0 0 0 ° ~ ,  and ,016 f o r  t h e  
i r o n  a r c ,  

Meteor r a d i a t i o n  c o n s i s t s  of  l i n e  s p e c t r a  a r i s i n g  from t h e  decay 
schemes o f  e x c i t e d  atoms, The i r o n  l i n e s  a r e  g e n e r a l l y  pre-  
dominant, o t h e r  atomic s p e c i e s  having m m h  sma l l e r  r e l a t i v e  
e f f i c i e n c i e s ,  The r e l a t i v e  luminous e f f f c i e n c y  of  a meteor can 
be approximated a s  

= xFe 'Fe I1 - 5 
where CF i s  the  pe rcen t  o f  i r o n  i n  t h e  meteor and ?f .016 i s  
t h e  r e l a g i v e  luminous e f f i c i e n c y  of i r o n  r a d i a t i o n .  F%roperly,  
equa t ion  11-5 should be augmented by s imilar  terms f o r  each 
element p r e s e n t  

Conversion of  K i n e t i c  Energy to Radia t ion  

In a d d i t i o n  to t h e  above f a c t o r s ( p h 0 t o m e t r i c  and chemical) ,  t h e  
luminous f l u x  from a meteor i s  Peduced because not  a l l  o f  t h e  
me teo r ' s  k i n e t i c  energy appears  as r a d i a t i o n .  



The source  of  t h g  r a d i a n t  power i s  t h e  in s t an taneous  loss of  
k i n e t i c  energy, '  T 

2 T = -  ' m v  
d t  11 - 6 

O f  c h i s g  a ' f r ac t ion  q appears  a s  r a d i a t i o n ;  and, a s  suggested 
above, a f r a c t i o n  q )$e yge i s  visllxally e f f e c t i v e ,  The q u a n t i t y  
q i s  a f u n c t i o n  of ve o c i  y o  Opik 's  a n a l y s i s  sugges t s  an  i n -  
v e r s e  v a r i a t i o n  w i t h  v e l o c i t y  ( l / v )  f o r d u s t  b a l l s ,  and a d i r e c t  
v a r i a t i o n  ( v )  f o r  heavyg compact meteoro lds ,  The two s p e c i e s  
a r e  equ iva len t  nea r  l f s  k i l ome te r s  p e r  second. 

Comparison of Theory and Experiment 

The comparison of t h e o r i e s  and experiment i s  complicated by t h i s  
v e l o c i t y  dependence ar?d by a d i f f e r e n c e  i n  language among t h e  
e x p e r t s  e 

Opik t a b u l a t e s  (Table L I  i n  r e f e r e n c e  (10 ) )  h i s  t h e o r e t i c a l  
va lues  o f  t h e  d imens ionless  q u a n t i t y  

p = q Y  C Fe Fe I1 - 7 
f o r  bo th  compact and dust b a l l  c a s e s ,  

R, E ,  McCrosky and R, K. Soberman have r e p o r t e d  r e s u l t s  from a n  
a r t i f i c i a l  rneceor experiment,  A small (2 ,2  g m )  s t a i n l e s s  s t e e l  
p e l l e t  was a c c e l e r a t e d  by a T r a i l  B laze r  TI rocke t ;  i t  r e -  
en te red  t h e  atmosphere wi th  a v e l o c i t y  o f  PO k i lome te r s  p e r  
second, and was observed by the  s t anda rd  two-camera technique .  

I n  t h e  r educ t ion ,  a luminos i ty  c o e f f i c i e n t "  i s  employed 
which i n c l u d e s  a l l  o f  t h e  c o n s t a n t s  mefitioned above. It i s  
assumed t h a t  f!'=tav, and. t I s  t a b u l a t e d ,  

91 

I n  o u r  formalism, we could expres s  the  r e l a t i o n  between k i n e t i c  
energy and lixninous f l ux  a s  

-0,4M !i? q YFe cpe = p = $3 PO I1 - 8 

The Harvard Group g e n e r a l l y  uses  
0 72 -0 4~ = 10- -0 4Mpg T C o  v = 10 I1 - g 

where Mpg = 

Thus, to compare with Opik (11-7)9 we wr i te  

N-1,8 i s  t h e  photographic  magnitude of t he  meteor.  

I1 - 10 
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The s imulated meteor experiment y i e l d s  a va lue  

-19 ( f l u x  of" zero photographic  magnitude meteor)  
11-11 k, = 8x10 grams cas see-4 

This  i s  desc r ibed  as a lower l i m i t .  The expected range i s  
(6,6-8.6), 
t h e  p e l l e t  would l e a d  to a range of (3, 10) x 

We i n s e r t  t h e  va lue  de r ived  above f o r  P o  (480 watts) ,  o b t a i n i n g  

A p o s s i b l e  c o r r e c t i o n  f o r  t h e  chromium con ten t  of 

- -  @ - 7.0 x 10 -lo seconds/crn 
V 

11-12 

We e v a l u a t e  a t  15 km/sec. and obtafr ,  t h e  fo l lowing  experimental  
value,  r e c a l l i n g  t ha t  it i s  qrxoted as a lower l i m i t  and has an 
u n c e r t a i n t y  sornethhg nea r  two t imes a s s o c i a t e d  w i t h  i t ,  

I r o n  p = 10-3 (Experimental)  I1 - 13 

Opik, i n  h i s  Table  L I  (I0), does - no t  d i s t i n g u i s h  between i r o n  and 
s tone  meteoroids,  i , e .  no composition dependence i s  impl ied ,  
For  v e l o c i t i e s  o f  14.8 km/sec the  v a l u e s  o f  B a r e  as  fo l lows  
f o r  the  "d i lGte  coma" and lrcompact coma" (comparable wi th  
McCrosky-)- ca ses :  

p d i l u t e  = ~ . O O X ~ O - ~  
p compact = 1.10~10-3 (Theory) 

The agreement may be m i l d l y  desc r ibed  as e x c e l l e n t ,  

Addit ional  Information 

I1 - 14 

A v e r y  d e t a i l e d  a n a l y s i s  o f  three phofo aph ic  meteors has  been 
made by Cook, J acch ia ,  and McCrosky. r2?7 By c a r e f u l  s tudy,  
t h e y  e s t i m a t e  t he  radi i rs  of an  i r o n  meteor ( O . ? . ( r  40.9 cm) 
and d e r i v e  a mass and hence a, l uminos i ty  c o e f f i c i e n t ,  Choosing 
r = O,7 cm, t h e y  o b t a i n  

t o  = 2x10 --I8 (vcnits a s  above)  racge  (1 to 6 )  11 - 15 

o r  

- B = 1 . 8 ~ 1 0 ~ ~  seconds//cm 
V 

f3 = 2 , 7 x w 3  a t  15 km/secor,d (Experimental  ) 11 - 16 

The u c c e r t a i n t y  he re  is presumably r a t h e r  more than  two times. 
The agreement i s  good. 
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Luminous E f f i c i e n c y  of  Dust Balls - Conclusions 

A s  noted i n  t h e  t ex t ,  O p i k D s  formula " f o r  s t a t i s t i c a l  use"  w i t h  
d u s t  bal ls  has been employed, H i s  luminous e f f i c i e n c y  is, how- 
ever ,  d iv ided  by a cons t an t  L, 

B =  10-3 L (v  = 15 km/second) I11 - 17 
A s  s ta ted above, however, luminous e f f i c i e n c y  should have t h e  
form 

I1 - 7 

T h i s  has  t he  a u t h o r i t y  of  t h e  Harvard Group and Levin, t h e  com- 
p o s i t i o n  of  d u s t  b a l l s  i s  unknown, b u t  may a proach meteoric  
s tone  (15% i r o n ) ,  If we accep t  B = 05-5xlQ -3 
allowed by the  experimental  r e s u l t s  f o r  pure i r o n ,  w i t h  a probable  
va lue  nea r  one o r  two, good d u s t  b a l l  v a l u e s  f o r  L would range 
from 1 to 10, 3x being  a loga r i thmic  mean. The chosen value,  
2.78, has t h e  s i g n i f i c a n t  advantage o f  f i t t i n g  a p r e v i o u s l y  
e s t a b l i s h e d  p e n e t r a t i o n  hazard model. There seems to be no 
reason  to abandon i t .  

F u r t h e r  work on t h e  s imulated meteor program w i l l  t i e  down t h e  
va lue  o f f ?  and i t s  v a r i a t i o n  wi th  v e l o c i t y  and composition. 
L i t t l e  d i r e c t  in format ion  on d u s t  b a l l s  w i l l  be obtained,  s i n c e  
t h e  n a t u r e  of t h e s e  o b j e c t s  i s  so  l i t t l e  understood.  

a s  t h e  range 
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APPENDIX 111 CONFIDENCE I N  EQTJA-TION (13) 

We wish t o  estimate the  confidence i n  equa t ion  (13) a s  f a r  as 
t h e  s i g n i f i c a n t  f l u x  f o r  t h e  Apollo s p a c e c r a f t  i s  concerned 
(10-11m-2sec-1) ., Eqcat ion (13) may be r e w r i t t e n  i n  t he  fol low- 
i n g  way, now r e t a i n i n g  a11 t he  ad jus tments :  

3 -22v083LP ’ (No/2 108)(11/v)’ m/sec T N = 6,6 10 
P 

To adjGst  t h e  f l u x ,  t h e  f i f t n  magnitude va lue ,  No, appea r s ,  To 
accoufit for a p o s s i b l e  momentum dependence o f  p e n e t r a t i o n ,  t h e  
l a s t  f a c t o r  i s  inc luded ,  The exponent 6 = 1 i n  t h a t  case ,  T) 
otherwise .  If t he  d e n s i t y  dependence of  t he  A m e s  c r i t e r i o n  i s  
fa lse ,  fp shovlld be s e t  t o  +,he aluminum value ,  2 ,”  103kg/m3, 
Formally, the  s lope  o f  t h e  flux-magnitude p l o t  should a l s o  
appear., For  d i s c u s s i n g  t h e  p e n e t r a t i o n  hazard,  we will lump 
i t s  u n c e r t a i n t y  w i t h  t h a t  i n  No. 

P re l iminary  e s t i m a t e s  sugges t  t h a t  L may va ry  by a f a c t o r  of  
t h r e e ,  The d e n s i t y  may v a r y  perhaps f i v e  t imes ,  No may be un- 
c e r t a i n  by  a f a c t o r  of  about f o u r ,  I n  t h e  case  of momentum 
dependent p e n e t r a t i o n ,  t he  factor  ( l l / v )  will be one t h i r d  f o r  
t h e  average meteoroid.  The loga r i thmic  e r y o r s  a re  then,  r e s -  
p e c t i v e l y ,  .-5, .7, ,,6, .50  The approximate expected d e v i a t i o n  
i s  es t imated  by t a k i n g  t h e  root mean sqiiare of  t h e  loga r i thmic  
d e v i a t i o n s  

o r  about l5x i n  f l u x ,  T h i s  amounts t o  2 . 5 ~  i n  p e n e t r a t i o n ,  
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The d a t a  employed he re  a r e  taken  l a r g e l y  f ron  r e f e r e n c e  (12)9 an 
exce1ler. t  and complete review. A s  show3 i n  the  t e x t ,  t h e  a c o u s t i c  
measurements a r e  p l o t t e d  us ing  the  fo l lowing  equat ion:  

-11 1.3 = T 0 3  10 

The p e n e t r a t i o n  in meters  i s  given by T, while P i s  t h e  momentum 
s e n s i t i v i t y  of  the microptoce I:: dynz-seconds e 

I n  p l o t t i n g  t h e  p e n e t r a t i o n  me3surements9 the  " c h a r a c t e r i s t i c  
dimezsions f o r  pene t r s t i cn ! '  must be copverted to equ iva len t  alumi- 
num th i cknesses ,  The choice  of Ehe dmes c r i t e r i o n  r e q u i r e s ,  then,  
s c a l i n g  a s  t h e  two-%hirds r o o t  o f  t h e  product  of t a r g e t  d e n s i t y  
and v e l o c i t y  o f  sovnd, Whec more d a t a  i s  a v a i l a b l e ,  t h e  smooth- 
ness  of  such a p l o t  w i l l  %e h e l p f u l  i n  choosing a. proper  pene t r a -  
t i o n  law. The f e w  p e n e t r a t i o n s  recorded h e r e  would p l o t  more 
smoothly without  %e Transformation,  

I n  p a r t i c u l a r ,  the t r ans fo rma t ion  f o r  rqylar f i l m s  may be i n  
quest ion,  s i n c e  t h e  f i l m  p r o p e r t i e s  have beeh, fn p a r t ,  e s t ima ted ,  

g ive  a f l u x  of  300 p e r  meter see  of' p a r t i c l e s  having d iameters  
above 3 microns. 
diameter  in t h e  f lux  range of  3x102 t o  aSout ~ 6 x 1 0  m- sec-  

The p re l imina ry  r e s u l t s  from t h e  S F  Vencs F l y t r a p "  sounding rocke t  (14 1 
2 

The f l c x  v a r i e s  a s  the i n v e r s e  le$ pgwer p f  

Using t h e  Ames c r i - t e r i m 9  one o b t a i n s  f rom t h e s e  f a c t s  

( M . K . S . )  

As for t he  acoustic measurements, pp i s  taken  a s  1 gm/cc. 
p a r t i c l e  velocit ,y i s  assumed 19 kflometers/second, g i v i n g  

The 

Conversion t o  Eauiva leg t  A1:xminum 

Mater ia l  F gm/cc C km/s e c P- 

Pyrex 2 , 8  5-6 ( ( a )  0 93 
Mylar 1 , 4  l e 4 *  307 
Magnesium 1.7 4 , 6  1 .5  
S t a i n l e s s  S t e e l  

Copper 8 , 9  
Aluminum 2.1 5.1 

0 54 
30 0 58 - P 304 7 

*Computed frorn Tens i l e  e l a s t i c :  modixlus 550,000 p s i  
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